Gene expression in haemocytes of the kuruma prawn (Penaeus japonicus) was investigated using an expressed sequence tag (EST) approach. Partial nucleotide sequences of cDNA library clones constructed from normal and white spot syndrome virus (WSSV)-infected P. japonicus haemocytes were determined. Of 635 clones obtained from the normal library, 284 (44·7%) significantly matched sequences in GenBank, and of 370 clones obtained from WSSVinfected library, 174 (47·0%) significantly matched sequences in the database. One hundred fifty-two deduced proteins were newly identified. Of these, 28 types were involved in biodefence. For the prophenoloxidase system, there are prophenoloxidase, coagulation factor G-chain precursor, factor D, Masquarade-like protease, transglutaminase (TGase), clottable protein and eight types of protease inhibitors (two types of antileukoproteinase, alpha-2-macroglobulin, chelonianin, elastase inhibitor, two types of Kazal inhibitor and Kunitz-type inhibitor). For antibacterial peptides, there are bactinecin 11, penaeidin-2 precursor and lysozyme c type. The others defence-related proteins are basophil leukocyte interleukin-3-regulated protein, natural killer enhancing factor (NK-EF), integral membrane protein (CD34+), ESM-1, Notch homologue and Drac homologue. For the adhesion proteins, there are -integrin, cell adhesion molecule (CAM) and three types of collagens. All ESTs representing protease inhibitors and tumour-related proteins were found only in the WSSV-infected library. Those encoding for apoptotic peptides were expressed at high levels in infected library. The putative defence proteins accounted for 2·7% of total ESTs in a normal shrimp library and 15·7% of the total ESTs in an infected library.
I. Introduction
Farming of penaeid species including giant tiger shrimp (Penaeus monodon), kuruma shrimp (P. japonicus) and white shrimp (P. vannamei) has *Corresponding author: E-mail: aoki@tokyo-u-fish.ac.jp tremendously expanded during the last decade. During the last decade, the outbreak of viral and bacterial diseases has caused significant losses of farmed prawns annually. The former infectious pathogenic agents are white spot syndrome virus (WSSV) and yellow-head virus (YHV) [1] [2] [3] . In the case of P. japonicus rearing, WSSV is the most serious problem [2] .
The defence mechanism in crustacean is the most interesting of biological prophylaxis. Even though several genes that are involved in biodefence, such as prophenoloxidase and antibacterial peptides, have been isolated and characterised in several species [4] , the mechanisms against viruses are not well understood. Previous studies have identified molecules of P. japonicus that act against bacterial infection [5, 6] . Nonetheless, there has been no information concerning expression of genes and their products during viral infection.
Expressed sequence tags (ESTs), generated from partial sequencing of randomly selected cDNA clones, is an e#ective approach for investigating gene expression in various taxa where knowledge about the genome under investigation is not available or rather limited [7] . This technique is relatively simple and powerful for identification of useful genes in a particular application. Analysis of ESTs has been published for a number of fish species, for example the zebrafish, Danio rerio [8] and the Japanese flounder, Paralichthys olivaceus [9, 10] . In the GenBank database, there are a total of 2164 EST sequences from crustacean, including P. setiferus, P. monodon and P. vannaemi (dbEST released by NCBI April 21, 2001 ). However, only two papers on tissue-specific expression of ESTs from the black tiger shrimp have been published [11, 12] .
Since little information is available on biodefence genes of shrimp, especially those related to viruses, the present study was undertaken to identify genes that are expressed in response to virus infections. Gene expression in P. japonicus haemocytes isolated from normal prawns and from those infected with WSSV were compared. Several deduced peptides that are involved in defence were newly identified. This basic knowledge will provide data on genes encoding for biodefence molecules against virus invasion. The molecules involved in defence mechanisms are illustrated and can be applied for isolation and characterisation of these useful genes to genetically related species. The information may also be of great value to apply to prophylaxis in shrimp culture, which has become economically important.
II. Materials and Methods

HAEMOCYTE SAMPLES
Hatchery-reared shrimp were challenged with WSSV modified from Maeda et al. [13] . The intestines of typical WSSV-infected prawns were collected and homogenised in 3 ml of filter-sterilised seawater. The homogenate was centrifuged at 1000 g for 10 min at 4 C. The supernatant was filter-sterilised through a 0·45 m membrane and diluted 10 000 fold. Kuruma prawns with mean body weight of 16·6 1·5 g were injected intramuscularly with 01· ml of viral solution. When white spot symptom was observed, the shrimps were 70 checked for WSSV-infection by two-step PCR according to Maeda et al. [14] . The haemocytes of each prawn were collected, pooled and extracted for total RNA by TRIZOL (GIBCOBRL). The haemocytes of non-infected sample, prawns injected with only sterilised seawater, were also collected.
CONSTRUCTION OF cDNA LIBRARIES AND EST SEQUENCING
The cDNA libraries of haemocytes were separately constructed from normal (H) and infected (V) prawns using the -Zap II vector and subsequently converted to the pBluescript plasmid by in vivo excision, as recommended by the manufacturer (Stratagene). Plasmid DNA was isolated from each recombinant clone using the alkaline lysis method and unidirectional sequences were obtained by using fluorescent-labelled M13 forward and reverse primers on an automated DNA sequencer LC4000 (LI-COR USA).
DATA ANALYSIS DNA sequences were edited to remove the vector and ambiguous sequences. The sequences were compared with sequences in GenBank (National Center of Biotechnology and Information, NCBI) using BLASTX and BLASTN. Sequences were considered to be significantly matched when the possibility value was less than 0·0001 and the match length was >10 amino acids, according to Anderson and Brass [15] .
III. Results and Discussion
GENE EXPRESSION OF P. JAPONICUS HAEMOCYTES
Recombinant clones from haemocytes of the normal and WSSV-infected shrimp were randomly selected and sequenced unidirectionally. A total of 635 clones from the normal library were sequenced, revealing an average insert size of 720 496 bp, corresponding to a total insert size of 458 kb. A total of 358·4 kb were sequenced. Of these total ESTs, 351 clones (55·3%) did not match to sequences in GenBank. The remaining 284 ESTs (44·7%) showed significnt similarity with deposited sequences.
For the WSSV-infected shrimp, a total of 370 clones were sequenced, revealing an average insert size of 657 495 bp, corresponding to a total insert size of 235 kb. A total of 168 kb were sequenced. From this library, 196 clones (53·0%) did not match any of the sequences in GenBank. The remaining 174 ESTs (47·0%) showed significant similarity with deposited sequences. The matches to other organisms are shown in Table 1 .
The matched ESTs represented 152 di#erent protein types in 10 categories according to the major function of their deduced proteins (Fig. 1) . When identical ESTs were found, the longest EST of a particular sequence was reported. The clones that were sequenced with both sense and antisense primers are shown in combined sequence. The criterion of possibility was standardised at a level of <10 Nevertheless, the deduced amino acid sequences of these clones were found to have several regions that were conserved with respect to sequences in other organisms. Based on this comparison, these clones were considered to encode for collagen 3 (IV), collagen 4 (IV), collagen fragment, myosin-II heavy chain and penaeidin 2 precursor, respectively.
The nuclear proteins that were expressed the most in the non-infected haemocytes library were sequences encoding energy and metabolic proteins (7·09%), and the highest redundant clones were those for cytochrome c oxidase (CO) subunits I (seven clones), II (11 clones) and III (nine clones). Conversely, in the cephalothorax and eyestalk libraries of P. monodon, ESTs encoding hemocyanin (12 of 112) and arrestin (four of 56) were predominant. The pleopod ESTs were related to cytoskeletal proteins [11] .
Whereas the dominant genes found in the P. japonicus haemocyteinfected library were for integral membrane protein (CD34+) (six clones), 72 programmed cell death 6-interacting protein (Alix) (five clones) and AIMS-P.mon35 homologue (five clones).
COMPARISONS OF EXPRESSION BETWEEN NORMAL AND WSSV-INFECTED P. JAPONICUS
HAEMOCYTES
The proportions of the clones in each category are shown in Fig. 1 and the redundancy of each identified peptide between H and V libraries is detailed in Table 2 . The numbers of ESTs found to code for categories of proteases and their inhibitors, regulation and signal transduction proteins, secretory proteins, structure and cytoskeletal proteins, tumour-related proteins and transcription and translation factors were greatly increased in the WSSVinfected library. It is remarkable that various types of ribosomal proteins and most of the identified proteins were di#erent between the two libraries. This implies that the virus infection had strong e#ects on both suppressing and/or promoting gene expression in P. japonicus haemocytes.
The deduced peptides involved with defence mechanisms are shown in Table  3 . Regarding the prophenoloxidase (proPO) system, a partial sequence of proPO was found. Three other clones were classified as coagulation factor G, factor D and Masquerade-like protease serine. These serine proteases that act as proPO-activating factors. The protease inhibitors that regulate the proPO system were identified. There were seven types of these PIs such as alpha-2-macroglobulin, and two kinds of antileukoproteinases, chelonianin (basic protease inhibitor), elastase inhibitor, two kinds of Kazal inhibitors, Kunitztype trypsin inhibitor. Among the 20 ESTs coding for proteases and inhibitors, the peptides with the greatest increase in expression in the virus-infected library were serine protease inhibitors (PIs). There were 15 of these ESTs, representing 4·66% of total expressed nuclear proteins. In crustaceans, alpha-2-macroglobulin and protease inhibitors are thought to be important biodefence proteins [16, 17] . Two ESTs encoding proteins of the clotting system were also identified as transglutaminase (TGase) and its substrate (clottable protein).
Three types of sequences encoding antimicrobial peptides were identified. They were (1) bactinecin 11-like, a broad-spectrum antibacterial peptide [18] , (2) the full sequence of lysozyme c-type, a pathogen-hydrolytic enzyme [19] and (3) penaeidin-2 precursor-like, antibacterial and antifungal peptide [20] . The BLAST result is shown in Fig. 2 .
The number of ESTs corresponding to translationally controlled tumour protein (TCTP) was 2·95 times greater in the WSSV-infected library. TCTP is a Ca + -binding protein, originally identified as a tumour-associated protein. Nielsen et al. [21] regarded TCTP as an IgE-dependent histamine releasing factor or a basophilic leucocyte interleukin-3 regulated protein which significantly influences the release of histamine in human basophilic cell line KU812.
In the regulation and signal transduction category of the WSSV-infected library, those with the greatest number of sequences belonged to membrane proteins (six clones of integral membrane protein CD34+ and two clones of HSP005), programmed cell death 6-interacting protein (Alix) (five clones) and EST natural killer enhancing factor (NK-EF) (three clones). None of these proteins have previously been reported in any species of crustacea. The sequences encoding membrane proteins were found in high proportion with 2·5% of nuclear proteins. These proteins might be involved in viral Fig. 2 . BLAST analysis of the putative peptides of (A) PJV10 clone to Ovis aries Bactinecin 11, (B) PJA175-9 clone to Penaeus vannamei penaeidin-2 precursor and (C) PJH673 clone to Mus musculus lysozyme c-type.
ANALYSIS OF P. JAPONICUS HAEMOCYTES
EST ANALYSIS OF P. JAPONICUS HAEMOCYTES defence mechanisms. In vertebrates, integral membrane protein (CD34+) was found to be involved in expression of some chemokines [22, 23] and to be involved in inflammatory and immunological events [24] . Two ESTs representing Ras-like GTP-binding proteins that were found only in the WSSV-infected library are homologous to Drac3 of fruit fly. Drac3 is a member of the small GTPase-Ras superfamily. In mouse, this Rac protein was reported to elevate phagocytosis [25, 26] and to be involved in signalling cellular proliferation and apoptosis [27] .
Two secretory proteins, ESM-1 (four clones) and Notch homologue (one clone) were also found in the infected library. The partial sequence of ESM-1 shows 41% homology of Mus musculus. In HUVEC, ESM-1 protein was shown to be regulated by tumour necrosis factors and interleukin-1 [28] . Notch homologue was found to be expressed in CD34+ cells where it was found to be essential for normal lymphocyte function and to be involved in pathogenesis of T cell neoplasms [29] . Therefore these two deduced proteins of P. japonicus were considered to be involved with defence.
The ESTs encoding cell adhesion proteins, which play an important role in the attachment mechanism, were also identified and included -integrin, cell adhesion molecule (CAM) and three types of collagens.
Apoptotic and tumour-related proteins were found in high proportion within the viral infected library. Proteasome 26S subunit (four clones representing 1·24% of all nuclear proteins) were found only in the WSSV-infected library. This is a multicatalytic protease that is known to be particularly associated with apoptosis.
Expression of the programmed cell death 6-interacting protein (Alix), an apoptotic factor, was 3·6 times higher in the viral infected library than in the normal one. The increased expression may indicate that apoptosis is also involved in the defence cascades. This is in agreement with the high expression of proteasome 26S subunit and CD34+, both of which were reported to regulate protein composition during cell apoptosis in vertebrates [30, 31] .
Tumour-related proteins that were found only in the infected library accounted for 2·2% of the expressed nuclear proteins. These included the full length of KE-3 (ribosomal protein S18), Rig protein (ribosomal protein S15) and QM protein (ribosomal protein L10) which exhibited approximately 78, 79 and 78% similarity to that of human and wild silkworm (Bombyx mandarina). KE-3 was determined to be within the mammalian MHC [32] . Inoue et al. [33] suggested that Rig was virally induced in pancreatic B-cell. Wiens et al. [34] showed that sponge QM protein was a putative tumour suppressor polypeptide that was associated with apoptosis.
Among the proteins whose function could not be identified were homologues of AIM-P.mon 35 and 40 from the eyestalk library of P. monodon [11] . All of the AIM-P.mon 35 homologues (nine clones) were found in normal prawns, and all of the AIM-P.mon 40 homologues (four clones) were present in WSSV-infected prawns. The lack of overlapping gene expression of AIM-P.mon 35 and 40 suggests that they are expressed under di#erent circumstances.
It is concluded that the putative defence proteins accounted for 2·7% of 635 ESTs in the normal shrimp library and 15·7% of 370 ESTs in the infected 80 library. However, some rare sequences encoding defence peptides may have been missed during the random selection of clones. Another indication that the randomly selected samples did not cover all the genes is that some basic defence proteins, such as clotting protein, were not found in the infected library. Thus, other strategies should be applied in parallel in order to increase the coverage of expressed genes and also to elucidate di#erences in expression. On the other hand, identification of the analysed sequences strictly depends on the sequences submitted to the databases. Some of the unknown sequences that were found here should be further considered.
BIODEFENCE GENES IN P. JAPONICUS HAEMOCYTES
Twenty-eight new cDNAs encoding deduced proteins involved in biodefence systems were identified in P. japonicus. In addition, six new genes encoding deduced proteins of apoptosis and tumour-related proteins considered to be associated with biodefence system were identified. Amongst these genes are the first reported deduced peptides for 15 molecules in penaeid shrimp, eight molecules in crustacean, four molecules in arthropod and two molecules in invertebrates, as detailed in Table 3 by superscript letters a, b, c and d respectively.
The present results show that a complex defence mechanism was stimulated in response to WSSV infection. Interestingly, the main di#erence in gene expression between normal and viral infected haemocytes is among encoding protease inhibitors (PIs), apoptotic peptides and tumour-related proteins. Most of these putative peptides were found in the WSSV-infected library. This implies that these proteins are involved in defence mechanisms in P. japonicus to viral invasion. Further studies are currently investigating the expression of some particular peptides against virus invasion.
